Background/Aims: Migraine is a disabling condition that severely impacts socioeconomic function and quality of life. The focus of this study was to develop a mouse model of trigeminal pain that mimics migraine. Methods: After undergoing dural cannulation surgery, mice were treated with repeated dural doses of an acidic solution to induce trigeminal pain. Results: The method elicited intermittent, head-directed wiping and scratching as well as the expression of both the c-FOS gene in the spinal trigeminal nucleus caudalis and calcitonin gene related peptide (CGRP) in the periaqueductal grey matter. Interestingly, the acid-induced trigeminal pain behaviour was inhibited by amiloride, an antagonist of acid-sensing ion channels (ASICs), but not by AMG-9810, an inhibitor of transient receptor potential cation channel V1(TRPV1). In addition, the relative mRNA and protein expression levels of ASIC1a and ASIC3 were increased in the acid-induced trigeminal nociceptive pathways. Furthermore, blocking CaMKII with KN-93 significantly reduced the acid-induced trigeminal pain behaviour and c-FOS gene expression. Conclusion: The data suggested that chronic intermittent administration of an acidic solution to mice resulted in trigeminal hypersensitivity and that dural acid-induced trigeminal pain behaviour in mice may mechanistically mimic migraine. The observations here identify an entirely novel treatment strategy for migraine.
Introduction
Migraine and other primary headache disorders are common, multifactorial, neurovascular diseases that significantly affect individuals and society. Migraine typically begins as an episodic disorder, but commonly progresses to a frequent or even daily condition Original Paper Accepted: February 08, 2018 This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission. [1] . However, the potential pathophysiological mechanisms underlying this change are poorly understood. In addition, a lack of predictive animal models has been a significant obstacle to the identification of new migraine therapies [2] . In this study, our focus was to develop a mouse model of trigeminal pain to mimic migraine.
Dural administration of inflammatory soup (IS) is a well-established preclinical model of migraine in rats [3, 4] . However, the composition of IS is complex, as it contains unstable, small peptides that are difficult to store. Yan et al. have previously reported a study on acute pH-evoked migraine-related pain behaviour, such as facial and hind paw allodynia [5] . An animal model with repeated activation of the dural nociceptors is needed to identify both new mechanisms of trigeminal pain and important factors involved in the transition from episodic to chronic trigeminal pain. Here, we have used acid-induced trigeminal pain to model the progression of migraine from an acute to a chronic state. We tested whether dural administration of an acidic solution caused behavioural changes in awake, freely moving mice. Furthermore, this trigeminal pain model can be applied to genetically modified mice to facilitate research on the mechanisms and therapeutic targets of migraine.
Materials and Methods
Mice Male C57BL/6 mice (Specific Pathogen Free grade, weight 20-30 g) were housed (2-5 per cage) in the animal facility at Renmin Hospital of Wuhan University. All mice were allowed to acclimate individually for 5 days before surgery and behavioural tests. Mice were handled mildly during each habituation period until they showed no signs of freezing or rapid escaping when touched by the experimenter.
All experiments in this study were consistent with the guidelines of the Committee for Research and Ethical Issues of the Renmin Hospital of Wuhan University. All procedures were approved by the Animal Studies Committee at Ren min Hospital of Wuhan University.
Dural Cannulation surgery [3, 4] Mice were anaesthetized with 10 mg/mL pentobarbital sodium (0.01 mL/g). After the mice were anaesthetized, the skull was exposed via a longitudinal incision along the sagittal suture. A 1 mm hole in the middle of the superior sagittal sinus (between bregma and lambda) was made with a precooled dental drill (DH-0 Pin Vise, Plastics One) to carefully expose the dura. A guide cannula (22 GA, #C313G, Plastics One), designed to extend 0.5 mm from the pedestal to avoid irritation of the dural tissue, was inserted into the hole and sealed into place with a mixture of dental cement powder (Stoelting 51459) and superglue. A dummy cannula (#C313DC, Plastics One Inc.) was inserted to ensure patency of the guide cannula. Subsequently, the skin incision was closed with a silk suture. After surgery, C57BL/6 mice were allowed to recover from the surgery and anaesthesia for 5 days before the effects of dural acidic solution administration were tested.
Dural administration and behavioural testing
To establish the acid-induced recurrent trigeminal pain model, C57BL/6 mice were randomly divided into four groups: the sham group, the negative control group (pH=7.4synthetic interstitial fluid, pH 7.4 SIF), the experimental group (pH=6.0synthetic interstitial fluid, pH 6.0 SIF), and the positive control group (IS group). Six mice were assigned to each group. The SIF consisted of 10 mM HEPES, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , and 135 mM NaCl (adjusted to pH 7.4). The IS contained 1 mM histamine, serotonin, and bradykinin and 0.1 mM prostaglandin E 2 in pH 7.4 SIF [5, 6] . Sham mice were habituated to the test room and recording cage with the same protocol as the mice in other groups but were not subjected to drug administration. We administered 10 µl of vehicle (pH 7.4 SIF or IS) or acidic solution (pH 6.0 SIF) to the dura every other day over sixteen days (totalling eight doses), and behavioural observations occurred after the last dose. Immediately following the last dosing, mice were returned to a clean cage, their behaviours were recorded by digital video cameras for 2 hours, and then the mice were euthanized. The entire 2-hour long video was watched and scored. The time spent on unilateral forepaw wiping and hind paw scratching of the V1 dermatome (including the scalp and periorbital area) was quantified as nocifensive behaviour. Bilateral rubs were not included because they are considered normal grooming behaviour.
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To explore the pathophysiology of acid-induced hyperalgesia, we intermittently co-administered pH 6.0 SIF with amiloride, AMG-9810 or KN-93 to the dura of pre-treated mice. Amiloride, KN-93 and AMG-9810 were prepared as described by Yan et al [5] .. The behavioural observation method was the same as the above. All testing was performed in a blinded manner with respect to group assignment.
Immunohistochemistry
Mice were euthanized with pentobarbital sodium. The brainstem and upper cervical spinal cord (to C3) were perfused with phosphate-buffered saline (PBS, pH 7.4) and fixed by perfusion with 4% paraformaldehyde by standard immunohistochemical methods [7, 8] . Sections (20 µm thick) were cut through the midbrain at the PAG or caudal medulla level and through the upper cervical spinal cord at the Sp5C level. Sections were blocked in 4% BSA/0.3% Triton X-100 in PBS 10 mM, stained with rabbit antic-FOS (1:100, Santa Cruz) or mouse anti-CGRP (1:100, Abcam) antibodies, diluted in blocking solution for 48 h at 4℃ and incubated with anti-rabbit secondary antibody diluted in PBS for 2 h at room temperature. Detection was performed with the ABC kit (Vector) using 3, 3'-diaminobenzidine (DAB) (Sigma Aldrich) as the peroxidase substrate. The number of neurons in the Sp5C containing c-FOS or in the PAG containing CGRP was quantified under a 10x objective on a Nikon TE2000S epifluorescence microscope by a single observer blinded to the experimental treatments.
Quantitative real-time PCR
Total RNA was extracted from TG using a one-step method according to the instructions for TRIzol® reagent (Invitrogen, USA). cDNA was then synthesized using reverse transcription in accordance with the kit instructions (BioTeke). Mouse primer sequences were as follows: GAPDH (forward 5'-GTTCCTACCCCCAATGTGTCC-3', reverse 5'-TAGCCCAAGATGCCCTTCAGT-3', 125 bp product); ASIC1a (forward 5'-TGGGGAGAGACTGATGAGACAT-3', reverse 5'-CTCCTGGCAAGACACAAACG-3', 135 bp product); and ASIC3 (forward 5'-ACTGTTTATCGGAGCCAGCC-3', reverse 5'-CTTCCTGGAGCAGAGTGTTG-3', 140 bp product). PCR amplification of cDNA was performed using a Quantitect SYBR Green PCR Kit (Roche, USA) as previously described [9] . Relative gene expression was calculated using the 2 -△△CT method.
Western blotting
Protein samples from the trigeminocervical complex were separated on SDS-PAGE gels and transferred to PVDF membranes. The membranes were incubated overnight at 4°C with primary anti-ASIC1a (1:100; Alomone Labs), anti-ASIC3 (1:100; Alomone Labs), anti-phosphoThr-286-CaMKII monoclonal antibody (1:200; Abcam), anti-CaMKII polyclonal antibody (1:200; Abcam), or anti-GAPDH (1:1000; Abcam) antibodies and finally were visualized using an enhanced chemiluminescence system (UVPLabWorks, CA). Signal intensity was measured using ImageJ software (NIH, USA) for the analysis of ASIC1a, ASIC3, phosphoCaMKII (p-CaMKII), and CaMKII expression in the TCC [10] .
Statistical analysis
All data are presented as the means ± SD. The Shapiro-Wilk test was used to check data normality. Statistical analyses were assessed by SPSS 19.0 software, using Student's t-test or analysis of variance (ANOVA) with post hoc analysis where appropriate. A value of p < 0.05 was considered statistically significant.
Results
Acid -induced recurrent trigeminal pain Repeated administration of an acidic solution elicits trigeminal V1 dermatome nociceptive behaviour in mice.
The acute administration of an acidic solution (pH=6.0 synthetic interstitial fluid, pH 6.0 SIF) was previously shown to evoke acute facial and hind paw allodynia [5] . To mimic the progression of recurrent trigeminal pain, an acidic solution was administered every other day for sixteen days, totalling eight doses of acidic solution (Fig.  1A) . First, we allowed mice to recover from surgery for 5 days before testing the effects of dural administration of either an acidic solution (pH 6.0 SIF) or vehicle (pH=7.4 synthetic interstitial fluid, pH 7.4 SIF or IS) on behaviour. We found no difference in the behaviour Cellular Physiology and Biochemistry
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between the naive and surgically intervened mice. Thus, the risk of the catheter surgery affecting mouse behaviour was negligible. During the 2 hours after the administration of the acidic solution, digital video cameras recorded behavioural observations including forepaw wiping and hind paw scratching around the scalp and periorbital area within the trigeminal V1 dermatome. The duration of each of these behaviours was quantified separately for each group. Compared with the pH 7.4 SIF treatment, repetitive intermittent pH 6.0 SIF administration over a 16-day period elicited significant chronic trigeminal pain. The maximum effect occurred approximately 30-40 min after pH 6.0 SIF administration. Mice in the dural pH 6.0 SIF treatment group spent significantly more time wiping and scratching than the negative control pH 7.4 SIF-treated mice (Fig. 1B) . However, there were no significant differences between mice treated with pH 6.0 SIF and the positive control IS-treated mice (Fig. 1B) . (n = 6 in each group) (*p<0.001, t-test between the pH 6.0 and pH 7.4 groups); however, there were no significant differences between mice treated with pH 6.0 SIF and the positive control IS-treated mice. (C)The each of duration of forepaw wiping and hind paw scratching in response to dural administration of the negative control solution (pH=7.4 synthetic interstitial fluid, pH 7.4 SIF), the experimental solution (pH=6.0 synthetic interstitial fluid, pH 6.0 SIF), and the positive control solution (inflammatory soup, IS) during the 2 hours recording period, respectively. (n = 6 in each group) (*p<0.001, t-test between the pH 6.0 and pH 7.4 groups); however, there were no significant differences between mice treated with pH 6.0 SIF and the positive control IS-treated mice. (D) Total duration of forepaw wiping and hind paw scratching in response to dural administration of the negative control solution (pH=7.4 synthetic interstitial fluid, pH 7.4 SIF), the experimental solution (pH=6.0 synthetic interstitial fluid, pH 6.0 SIF), and the positive control solution (inflammatory soup, IS) after the first and the last infusion, respectively. (n = 6 in each group) (*p<0.001, t-test between the first and last infusion). (E) (F) The each of duration of forepaw wiping and hind paw scratching in response to dural administration of the negative control solution (pH=7.4 synthetic interstitial fluid, pH 7.4 SIF), the experimental solution (pH=6.0 synthetic interstitial fluid, pH 6.0 SIF), and the positive control solution (inflammatory soup, IS) after the first and the last infusion, respectively. (n = 6 in each group) (*p<0.001, t-test between the first and last infusion).
Moreover, we separately analysed forepaw wiping and hind paw scratching. Both forepaw wiping and hindpaw scratching around the scalp and periorbital area were significantly more robust in mice that received dural administration of pH 6.0 SIF than in pH 7.4 SIFtreated mice (Fig. 1C) .
To measure the transition from episodic to chronic trigeminal pain, the duration of the behaviours after the first and last infusion was quantified separately for each group. Compared with the extent of forepaw wiping and hind paw scratching after the first infusion, these behaviours were significantly more robust in mice after the last infusion with pH 6.0 SIF (Fig. 1D, E, F) . However, no significant differences were found between the first and last infusion in mice treated with pH 7.4 SIF (Fig. 1D, E, F) .
Dural administration of an acidic solution alone induces c-FOS protein expression in the spinal trigeminal nucleus caudalis (Sp5C).
Previous studies have shown that the protein expression of c-FOS, an immediate early gene product, in Sp5C neurons which receives nociceptive input, can be used as a marker of neuronal activation of the trigeminovascular pathway [11] . We recorded the behaviour of pH 7.4 SIF-, pH 6.0 SIF-, IS-and sham-treated mice for 2 hours and then quantified c-FOS expression in Sp5C neurons of the mice after the last infusion. Compared with the number of c-FOS-positive neurons in the pH 7.4 SIF-treated group, the number these neurons in the pH 6.0 SIF-treated mice were increased 8.6 fold in the Sp5C ( Fig. 2A, B) . By contrast, there was no statistical association between the pH 6.0 SIF-treated group and the positive control IS-treated group ( Fig. 2A, B) .
Dural administration of an acidic solution alone induces robust calcitonin gene related peptide (CGRP) expression in the periaqueductal grey (PAG).
The contribution of the neuropeptide CGRP to migraine pathophysiology is well-established, and CGRP receptor antagonists have been effective for treating migraine in clinical trials [12] . Similarly, we recorded the nocifensive behaviour of the four treatment groups for 2 hours and then quantified CGRP expression in the PAG neurons of the same mice after the last infusion. The number of CGRP-positive neurons was significantly greater in the pH 6.0 SIF-treated group than in the negative control pH 7.4 SIF-treated group (Fig. 2C, D) . However, no significant difference in the number of CGRP-positive neurons was observed between the pH 6.0 SIF-treated group and the positive control IS-treated group (Fig. 2C, D) .
These results suggested that dural administration of pH 6.0 SIF can mimic not only the trigeminal V1-directed trigeminal pain behaviour but also c-FOS and CGRP expression 
Nocifensive behaviour and c-FOS expression in the Sp5C of dural acid-induced mice were decreased by an antagonist of ASICs but not of transient receptor potential cation channel V1 (TRPV1)
Acidic solutions have been shown to activate both ASICs and TRPV1 [13] . We wondered whether dural acid treatment induced trigeminal pain in mice through ASICs or TRPV1. To address this question, we assessed acid-induced nocifensive behaviour in mice treated with either amiloride (an ASICs antagonist) or AMG-9810 (a TRPV1 antagonist). We quantified the duration of both forepaw wiping and hind paw scratching as well as the expression of c-FOS expression in the Sp5C. Co-treatment of AMG-9810 did not alter the dural acid-induced trigeminal pain behaviour. In contrast, co-treatment with amiloride blocked the nocifensive behaviour elicited by dural administration of pH 6.0 SIF alone. Mice co-treated with amiloride generally presented a shorter duration of nocifensive behaviour than mice treated with pH 6.0 SIF alone (Fig. 3A) . Similarly, we also quantified the duration of forepaw wiping and hind paw scratching separately. Compared with mice treated with pH 6.0 SIF alone, mice Total duration of forepaw wiping and hind paw scratching in response to dural application of pH 6.0 SIF alone, co-application of amiloride or AMG9810 with pH 6.0 SIF during the 2 hours recording period, respectively. Co-application of amiloride with pH 6.0 SIF significantly shorten the total duration of forepaw wiping and hind paw scratching (n = 6 in each group) (*p<0.001, t-test between the amiloride and pH 6.0 group); however, there was no statistical differences between the AMG9810 and pH 6.0 group. (B) Co-application of amiloride with pH 6.0 SIF significantly blocked the behavior of forepaw wiping (*p<0.001, t-test between the amiloride and pH 6.0 group), while it had no difference on the behavior of hand paw scratching. Moreover, there was no statistical difference between the AMG9810 and pH 6.0 group in both forepaw wiping and hind paw scratching. (C) (D) Representative images of c-FOS in spinal trigeminal nucleus caudalis (Sp5C) in mice that received pH 6.0 SIF and co-treatment amiloride with pH 6.0 SIF after the last infusion. Co-application of amiloride with pH 6.0 SIF significantly blocked c-FOS expression in Sp5C but co-treatment AMG-9810 with pH 6.0 SIF failed to blocked c-FOS expression in Sp5C. (n = 6 in each group) (The area shown in red square is the target Sp5C) (*p<0.001, t-test between the amiloride and pH 6.0 group); however, there was no statistical differences between the AMG9810 and pH 6.0 group.
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Cellular Physiology and Biochemistry co-treated with amiloride and pH 6.0 SIF presented significantly less robust forepaw wiping (Fig. 3B ). However, amiloride had no effect on hind paw scratching. Moreover, there was no significant difference in the total duration of forepaw wiping and hind paw scratching between the mice co-treated with AMG-9810 and mice treated with pH 6.0 SIF alone (Fig.  3A, B) . In addition, dural co-administration of amiloride resulted in a 2.8-fold decrease in the number of c-FOS-positive Sp5C neurons in mice compared with administration of pH 6.0 SIF alone (Fig. 3C, D) . In contrast, there was no significant difference between the mice cotreated with AMG-9810 and the mice treated with pH 6.0 SIF alone (Fig. 3C, D) .
Consequently, daily episodic treatment with amiloride significantly inhibited the development of trigeminal pain, induced by the acidic solution treatment. ASICs might play a central role in regulating acid-induced recurrent trigeminal pain.
Upregulation of ASICs in the trigeminal nociceptive pathways
To further verify the expression of ASICs in the trigeminal nociceptive pathways, the trigeminal ganglion (TG) and trigeminocervical complex (TCC) were dissected to detect mRNA and protein expression levels. Compared with those of the pH 7.4 SIF-treated group, the relative mRNA expression levels of ASIC1a and ASIC3 in the TG of the pH 6.0 SIF-treated group were increased 1.59-and 1.65-fold, respectively (Fig. 4A, B) . Moreover, compared with the pH 7.4 SIF-treated group, the pH 6.0 SIF-treated group showed 1.67-and 1.74-fold increases in the relative protein expression levels of ASIC1a and ASIC3, respectively, in the TCC (Fig. 4C, D, E, F) . These data further validate that ASICs play an important role in acidinduced trigeminal pain.
Inhibition of CaMKII phosphorylation blocked acid-induced trigeminal pain
We have shown the robust activation of ASICs in the acid-induced trigeminal nociceptive pathways, but the downstream pain-modulating pathway that induces c-FOS expression in the Sp5C is still unknown. Activation of the CaMKII/CREB signalling pathways in primary afferent neurons has been implicated in nociceptive sensitization under various persistent 
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Cellular Physiology and Biochemistry pain conditions, including migraine [14] . We tested the effect of KN-93, an inhibitor of CaMKII, on acid-induced recurrent trigeminal pain. We quantified the durations of forepaw wiping and hind paw scratching separately in mice co-treated with KN-93 and pH 6.0 SIF and the mice treated with pH 6.0 SIF alone. Compared with the pH 6.0 SIF treatment alone ,cotreatment with KN-93 attenuated the nocifensive behaviour (Fig. 5A ). Only forepaw wiping was significantly less robust in mice co-treated with KN-93 than mice treated with pH 6.0 SIF alone and KN-93 had no effect on hind paw scratching (Fig. 5B) .Moreover, co-treatment with KN-93 also attenuated c-FOS expression, the expression of c-FOS in the Sp5C in the KN-93 group was significantly lower than that in the pH 6.0 SIF alone group (Fig. 5C, D) . In addition, immunoblotting for TCC in protein extracts further demonstrated that, despite the lack of change in total CaMKII expression between the pH 6.0 SIF-and pH 7.4 SIF-treated groups (Fig. 5E) , the proportion of active CaMKII (T286-phosphorylated) in the pH 6.0 SIF-treated group was increased by 2.9-fold compared with that in the pH 7.4 SIFtreated group (Fig. 5E, F) . In brief, these results showed that blocking CaMKII with KN93 significantly reduced acid-induced trigeminal pain and c-FOS expression, suggesting that the activation of CaMKII/CREB signalling pathways is necessary for the manifestation of dural acid-induced trigeminal pain. 
Discussion
Migraine and other primary headache disorders are diseases that have a greatly detrimental influence on a patient's life, as they are very serious conditions that can be incapacitating but receive little attention [1] . The clinical manifestation of migraine is believed to be determined by both genetic factors and non-genetic risk-modulating factors, which contribute to the threshold for the generation of migraine attack [2, 15, 16] . Thus, establishing suitable animal models to study migraine pathogenesis is of great significance. Pathophysiological studies have suggested that patients with recurrent migraine headache experience repeated dural nociceptor activation [2, 17] . To date, no reports have been published that use repeated acidic dural stimulation to evoke recurrent trigeminal pain to mimic migraine in mice. We show that episodic stimulation of dura mater with acidic solution alone noticeably enhanced vigorous forepaw wiping and hind paw scratching behaviour in our model. Shimada et al. demonstrated that forepaw wiping is associated with trigeminal pain, but that hind paw scratching is associated with itch [18] . Thus, we separately reported unilateral forepaw wiping and hind paw scratching. Both forepaw wiping and hind paw scratching were significantly more robust in mice treated with pH 6.0 SIF than in those treated with pH 7.4 SIF. The duration of forepaw wiping was not significantly different between the acid-induced group and the positive control IS group in this study. Moreover, the protein expression of c-FOS in the Sp5C of the acid-induced group was equivalent to that of the IS group; CGRP expression in the PAG was also equal between these two groups.
In our model, C57Bl/6J mice received dural doses of acidic solution every other day for 16 days to active the trigeminovascular system. Upon activation of these perivascular trigeminal afferents, the signal travels through the TG to neurons in the TCC. The signals are then transferred to higher brain structures, including the thalamus and cortex. Activity is modulated through the extensive connections with brainstem regions such as the PAG and the locus coeruleus [19, 20] . The hyperactivity produced by repeated episodic trigeminal nociceptive activation is clearly different than that produced by a single short stimulus. The definition of chronic migraine by the International Classification of Headache Disorders (3 rd edition, ICHD-3) is the occurrence of a headache (tension-type-like and/or migrainelike) ≥15 days per month [1] . The model in this study is consistent with the definition, as mice received intermittent dural stimulation with acid for 16 days. Many scholars have shown that IS administration can produce a rat migraine model [3, 4, 7] . Compared with IS stimulation, administration of an acidic solution alone can also induce robust trigeminal pain and transcriptional expression of c-FOS and the neurotransmitter CGRP. In summary, we explored a novel mouse model of trigeminal pain induced by repeated dural acid stimulation that mimicked migraine.
The model has the following advantages. First, a mouse model of trigeminal pain with a C57BL6 background lays the foundation for later studies with knockout or knock-in mice, as transgenic mice are widely used in the study of migraine. Second, we minimized the effects of surgery and anaesthesia by letting the mice recover from surgery for 5 days before the administration of the acid solution. Third, the acidic solution is more stable than IS, which contains small, easily degradable peptides [3, 4] . Fourth, we used dural, episodic stimulations in awake, freely moving mice to eliminate the effect of anaesthesia or surgery on the behavioural observations. Finally, an animal model of repeated dural nociceptor activation will facilitate the study of the physiological changes that occur in chronic migraine.
Dural co-administration of the ASICs antagonist amiloride effectively inhibited the acid-induced behaviour, but the specific TRPV1 antagonist AMG-9810 failed to impact the behaviour, suggesting that ASICs may be related to the on-going trigeminal pain in this model. Moreover, the relative mRNA or protein expression levels of ASIC1a and ASIC3 were increased in acid-induced trigeminal nociceptive pathways. Our results agree with the findings of Holland et al., who reported that amiloride is efficacious in the treatment of aura and headache in migraine patients with aura via an ASIC1a mechanism [19] . Deval et al. identified that ASIC3 plays a primary role in acid-induced cutaneous allodynia and migraine-Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry related pain behaviour [21] . These data further validate ASICs as a key element in the acidinduced dural afferent activation and trigeminal pain. Furthermore, cortical spreading depression has been shown to be accompanied by dural ischaemia, which can produce a drop in dural pH to activate ASICs and initiate signalling in migraine [19, 22] . Moreover, activation of the CaMKII/CREB signalling pathway is necessary for the acidinduced mouse behaviour, as evidenced by the inhibitory effect of systemically administered KN-93. It is possible that increased Ca 2+ influx via activation of ASICs may regulate many intracellular Ca 2+ -dependent signalling pathways by altering the physiological function of multiple Ca 2+ binding proteins, amongst which CaMKII is a likely candidate [23, 24] . Phosphorylation of CaMKII on Thr286 is essential for CaMKII activation. CaMKII inhibitors can ameliorate many types of hyperalgesia such as capsaicin-induced pain, inflammatory pain and neuropathic hyperalgesia [14, 24] . Although total CaMKII protein expression was not altered by dural administration of acidic solution, the phospho-CaMKII protein levels were significantly increased in the model mice. In addition, treatment with the CaMKII inhibitor decreased the trigeminal pain induced by the acidic solution. Studies have shown that CaMKII can induce CREB phosphorylation in various types of pain models [10, 14, 25, 26] . The nociceptive transcription factor CREB is essential for the regulation of pronociceptive genes, such as c-FOS. In our study, the inhibition of CaMKII significantly blocked the increase in the gene expression of c-FOS induced by the acidic solution.
Conclusion
Chronic intermittent treatment with acidic solution alone produces chronic hypersensitivity that represents a model of trigeminal pain. ASIC1a and ASIC3 levels are significantly elevated in acid-induced trigeminal nociceptive pathways, which contribute to the development of recurrent trigeminal pain through the activation of the CaMKII/CREB signalling pathway. Inhibitors of ASICs may serve as novel candidates for migraine therapy.
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